The increased prevalence of hepatocellular carcinoma (HCC) without viral infection, namely, NHCC, is a major public health issue worldwide. NHCC is frequently derived from non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis, which exhibit dysregulated fatty acid (FA) metabolism. This raises the possibility that NHCC evolves intracellular machineries to adapt to dysregulated FA metabolism.
The increased prevalence of hepatocellular carcinoma (HCC) without viral infection, namely, NHCC, is a major public health issue worldwide. NHCC is frequently derived from non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis, which exhibit dysregulated fatty acid (FA) metabolism. This raises the possibility that NHCC evolves intracellular machineries to adapt to dysregulated FA metabolism.
We herein aim to identify NHCC-specifically altered FA and key molecules to achieve the adaptation. To analyze FA, imaging mass spectrometry (IMS) was performed on 15 HCC specimens. The composition of saturated FA (SFA) in NHCC was altered from that in typical HCC. The stearate-to-palmitate ratio (SPR) was significantly increased in NHCC. Associated with the SPR increase, the ELOVL6 protein level was upregulated in NHCC. The knockdown of ELOVL6 reduced SPR, and enhanced endoplasmic reticulum stress, inducing apoptosis of Huh7 and HepG2 cells. In conclusion, NHCC appears to adapt to an FA-rich environment by modulating SPR through ELOVL6.
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| INTRODUCTION
Hepatocellular carcinoma (HCC) is the 5th most prevalent cancer and a leading cause of cancer death worldwide. 1 Although the most frequent etiology for HCC is viral infections such as the hepatitis B and C viruses, the prevalence of HCC without viral infection is increasing in Western countries 2 and Japan. 3 In developed countries, 30%-40% of HCC cases arise from the liver without viral infection, 4 suggesting a higher prevalence of metabolic syndrome with nonalcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH) associated with the development of HCC. 5, 6 Non-B non-C HCC (NHCC) and HCC with viral infection (VHCC) in advanced stages are currently treated in the same manner; however, their pathological features sometimes differ, such as the abundant deposition of triglycerides (TG) including a steatohepatitic appearance, 7 which is commonly reported in NHCC. TG are composed of 3 fatty acids (FA) and glycerol, and their accumulation is insulin resistance. 10, 11 Previous studies have demonstrated that hepatic TG themselves are not toxic and may protect the liver from FAinduced lipotoxicity, 12 but lipogenesis has an important role in cellular survival of HCC. 13 and has also been shown to mediate the progression of NASH.
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We herein examined SPR in the cancerous parts (CA) and adjacent non-cancerous parenchyma (NC) of NHCC using matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS), and the relationship between SPR and the expression of ELOVL6 and SCD1. We also investigated the involvement of SPR in cancer progression using the hepatoma cell lines, Huh7 and HepG2, to clarify whether the results obtained may be applied to the development of therapeutic approaches for NHCC.
| MATERIALS AND METHODS

| Patients
This study was performed with the approval of the Institutional Ethics Committee of Hamamatsu University School of Medicine, and written informed consent was obtained from all patients. Fifteen HCC specimens were collected from patients undergoing hepatectomy for curative intent at Hamamatsu University Hospital between 2010 and 2012.
| Imaging mass spectrometry for human liver samples
Fifteen 10-lm-thick frozen HCC specimens were placed on indiumtin oxide (ITO)-coated glass slides (Bruker Daltonics, Bremen, Germany). As a matrix, 5 mg/mL of 9-aminoacridine in 70% methanol (Merck, Darmstadt, Germany) was sprayed on the samples as previously described. [26] [27] [28] [29] Mass spectrometry (MS) was performed with a matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF/TOF) type instrument, the Ultraflex II (Bruker Daltonics). MS parameters were set to obtain the highest sensitivity with m/z values in the range of 200-1000 in the negative-ion mode. The automatic acquisition of spectra and reconstruction of ion images were performed using FlexImaging Software (Bruker Daltonics).
| Cell cultures
The human HCC cell lines Huh7 and HepG2 were maintained in DMEM (Invitrogen, Carlsbad, CA, USA) with 10% FBS, 100 U penicillin, and 0.1 mg/mL streptomycin at 37°C in a 5% CO 2 atmosphere. 
| Immunoblotting
| Fatty acid preparation
Palmitate (PA) and stearate (SA) were purchased from Wako. Each FA stock solution was prepared as previously described. 30 Stock solutions of 100 mmol/L PA and SA dissolved in 0.1 mol/L sodium hydroxide were heated at 75°C, then added to DMEM containing 3% FA-free BSA (Sigma Aldrich, Munich, Germany) pre-heated at 55°C. 31 The final concentrations of the working solutions were 2 mmol/L PA and SA. After filtration of the working solutions, they were diluted in DMEM for adjustments to the indicated concentrations.
| Modulation of Elovl6 activity with siRNA
In the small interfering RNA inhibition assay, Huh7 and HepG2 cells were knocked down using Stealth RNAi (Invitrogen) against human for human liver samples are listed in Table 2 . Signals conceivably derived from FA were also detected using the negative ion mode of IMS, as previously reported. 32, 33 We then investigated SFA and MUFA compositions in 15 HCC samples. PA (C16:0), SA (C18:0) and C18-MUFA including both OA (C18:1n9) and VA (C18:1n7) were identified in HCC specimens ( Figure 1A-C) . Palmitoleate (C16:1) was not detectable in this experiment. The IMS analysis showed that PA levels were significantly lower, while SA levels were slightly higher in the CA than in the adjacent NC of NHCC, and this change was not observed in the CA or NC of VHCC ( Figure 1A-C) . Correspondingly, SPR was significantly elevated in the CA of NHCC, but not in the CA of VHCC ( Figure 1D ). C18-MUFA levels were higher in the CA than in the NC of both HCC, but a significant difference was only observed in the NC of VHCC. The C18-MUFA-to-SA ratio slightly increased in VHCC and NHCC ( Figure 1E ). SPR was more prominently and specifically altered in the CA of NHCC than in the CA of VHCC.
| Statistical analysis
3.3 | Expression of ELOVL6, a stearate-to-palmitate ratio modulator, was upregulated in NHCC ELOVL6 is an enzyme that synthesizes SA from PA and regulates cellular SPR. We analyzed ELOVL6 protein expression by immunoblotting and found that ELOVL6 protein levels were markedly higher in the CA than in the NC of NHCC (Figure 2A,B) .
However, significant alteration was not observed in ELOVL6 mRNA expression ( Figure S3A ). In contrast, no significant differences were observed in ELOVL6 levels between the CA and NC of VHCC.
We examined the protein level of stearoyl-CoA desaturase-1 (SCD-1) in NHCC and VHCC because SPR is also influenced by the desaturation of C16:0 and C18:0 by SCD-1. The results
showed that the protein level of SCD-1 was significantly higher, without elevation of mRNA level ( Figure S3B ), in the CA than in the NC of VHCC and NHCC (Figure 2A,C) , which is consistent with previous findings. 34 We then investigated the relationship between SPR and ELOVL6 protein levels. A correlation was observed between SPR and ELOVL6 protein levels in NHCC parenchyma (r 2 = .60, P = .006; Figure 2D) but not in VHCC ( Figure 2E ). | 1113 similar in the 2 cell lines ( Figure 3C ). ELOVL6 protein levels in Huh7 cells were also detected using immunofluorescence, which exhibited co-localization with calnexin, an ER marker ( Figure 3D ).
We then investigated changes in the ER stress response influenced by the modulation of exogenous SPR in vitro. Activating transcription factor 3 (ATF3), DNA-damage inducible transcript 3 (DDIT3) and splicing form of X-box binding protein 1 (XBP1) are ER stress markers. 31, 35, 36 A previous study reported that PA upregulates these transcription factors and cell apoptosis. 14 PA incubation (SPR = 0) upregulated the mRNA expression of ATF3, DDIT3 and XBP1s in a dose-dependent manner in Huh7 ( Figure 4A ) and HepG2 cells (Figure S4A) , as previously reported. In both cell lines, 600 lmol/L SFA was sufficient to induce a stress response. Therefore, we examined the mechanisms by which SPR modulation affects the ER stress response in vitro. The expression of ATF3 and DDIT3 gradually decreased with increases in SPR from 0 (PA 600 lmol/L alone) to 1 (PA 300 lmol/L + SA 300 lmol/L) (Huh7 in Figure 4A ,B and HepG2
in Figure S4A ,B). However, further increases in SPR were associated with counter effects, particularly in Huh7 cells ( Figure 4B , compared with HepG2 data in Figure S4B ). Consistent with the stronger mRNA 3.5 | Silencing ELOVL6 lowered the stearate-topalmitate ratio and increased the endoplasmic reticulum stress response
We speculated that SPR modulation, from 0 to 1, may be parallel to the process of FA elongation regulated by ELOVL6. Therefore, we examined whether ELOVL6 silencing decreases SPR. In Huh7 cells, endogenous SPR was decreased to approximately 50% by ELOVL6 silencing, irrespective of extracellular PA supplementation ( Figure 5A ,B), along with reductions in ELOVL6 mRNA and protein levels ( Figure 5C,D) . Similar to the results shown in Figure 4 , extracellular PA supplementation upregulated the mRNA of the ER stress-associated transcriptional factors, ATF3 and DDIT3 (Figure 5C , compare siControl with siControl+PA). The silencing of ELOVL6 also increased these mRNA ( Figure 5C ). ATF3 mRNA was upregulated further by ELOVL6 silencing plus extracellular PA supplementation.
The phosphorylated form of the RNA protein kinase RNA-like endoplasmic reticulum kinase (PERK), an ER stress sensor, is known as a pro-apoptotic factor. 38, 39 In the immunoblotting analysis, we found that ELOVL6 silencing increased phosphorylated PERK cooperatively with extracellular PA supplementation. We showed that cleaved caspase-3 and PARP were upregulated additively by ELOVL6 silencing and extracellular PA supplementation ( Figure 5D ). ELOVL6 silencing reduced lipid droplets in Huh7 cells ( Figure 6A ).
Cell proliferation was also suppressed by ELOVL6 silencing 
31,45
However, these result reflect the short-term effects of SPR in vitro, and SPR is also influenced by other factors such as PA synthase; that is, acetyl-CoA carboxylase (ACC) and FA synthase (FAS), 46 b-oxidation 47 and food intake. Previous studies demonstrated that SPR decreased with the upregulated expression of ELOVL6 in NASH patients. 42, 48 These controversial results suggest that SPR is also influenced by other factors and that certain feedback mechanisms regulate SPR in the long term.
Palmitate and SA-induced lipotoxicity in the liver has been reported in previous studies. [49] [50] [51] We herein demonstrated SFAinduced toxicity in vitro; however, these deleterious effects were altered by changing exogenous SPR under the same total SFA concentration. Free PA and SA are activated by acyl-CoA synthetase into fatty acyl-CoA, which are the primary substrates for energy use via b-oxidation and the synthesis of TG and phospholipids. 52, 53 We previously reported that lysophosphatidylcholine acyltransferase-1 (LPCAT1), which specifically incorporates SFA into membrane phosphatidylcholine, 54 regulates the progression of HCC. 55, 56 Previous studies have demonstrated that elevated membrane saturation F I G U R E 6 Cell survival and proliferation after siRNA transfection with or without a palmitate treatment in Huh7 cells. A, Images of the TUNEL assay after a 48-hours transfection with siRNA and further 24-hours incubation in the absence or presence of palmitate (palmitate, 600 lmol/L). The scale bar shows 50 lm (4 upper panels). The 4 lower panels show oil staining images by Sudan III. The scale bar shows 20 lm. B, C, The total cell count in a high-power field (HPF; 400-fold magnification) (B) and TUNEL-positive cell count per total cell count (C) in each condition. D, Cell proliferation measured by the XTT assay under each condition. *P < .05, **P < .01, using the Bonferroni procedure caused inflammation and altered signal transduction. [57] [58] [59] In TG synthesis, saturated fatty acyl-CoA is incorporated into lipid droplets, 60, 61 with substrate specificities. [62] [63] [64] This selective usage of SFA may be one of the mechanisms underlying cancer cell survival.
In conclusion, NHCC and hepatoma cell lines may maintain an appropriate SPR to attenuate SFA-induced lipotoxicity by modulating the ER stress response. Therefore, the modulation of SPR has potential as a therapeutic approach for NHCC.
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